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Segment formation is critical to arthropod development, yet there is still relatively little known about this process in most
arthropods. Here, we present the expression patterns of the genes even-skipped (eve), engrailed, and wingless in a centipede,
Lithobius atkinsoni. Despite some differences when compared with the patterns in insects and crustaceans, the expression
of these genes in the centipede suggests that their basic roles are conserved across the mandibulate arthropods. For example,
unlike the seven pair-rule stripes of eve expression in the Drosophila embryonic germband, the centipede eve gene is
expressed strongly in the posterior of the embryo, and in only a few stripes between newly formed segments. Nonetheless,
this pattern likely reflects a conserved role for eve in the process of segment formation, within the different context of a
short-germband mode of embryonic development. In the centipede, the genes wingless and engrailed are expressed in
stripes along the middle and posterior of each segment, respectively, similar to their expression in Drosophila. The adjacent
expression of the engrailed and wingless stripes suggests that the regulatory relationship between the two genes may be
conserved in the centipede, and thus this pathway may be a fundamental mechanism of segmental development in most
arthropods. © 2002 Elsevier Science (USA)
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By any measure—number of individuals, number of spe-
cies, or diversity of form—the arthropods are the ruling
metazoans of our planet. Their successful body plan is
based on a series of simple repeating units, segments, which
are produced in various numbers, combined and fused into
functional units (tagmata), and endowed with specialized
appendages. These processes of specialization result in
adult forms that are quite varied in appearance. Neverthe-
less, the phylotypic stage of arthropods—the extended-
germband embryo, with its full complement of segments
and limbbuds—looks remarkably similar in arthropods as
diverse as spiders, insects, and centipedes.
The process of segment formation is well known in the
fruit fly Drosophila melanogaster, where it may be the best
studied developmental pathway of any organism (Pankratz
and Ja¨ckle, 1993; Martinez-Arias, 1993). Yet, despite its
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All rights reserved.importance, we still know very little about the process of
segment formation in other arthropods. Drosophila is an
indisputably atypical insect, whose development is highly
derived. Flies are holometabolous insects that arrive at their
winged adult form via a dramatic metamorphosis from a
worm-like, maggot larva. In addition, they have a long-
germband mode of embryonic development, producing
their segments simultaneously along the entire embryo,
rather than sequentially from a posterior proliferation zone
like more typical, short-germband arthropods. Moreover,
the major genetic interactions that establish segmental
boundaries take place in a syncytial environment. Because
of Drosophila’s atypical and derived development, it is not
clear how much of our knowledge of its segmentation
process can be generalized to other arthropods.
Studies on other insects, crustaceans, and a spider have
provided valuable comparative information for the under-
standing of segmentation in other arthropods (Patel et al.,
1989a, 1994; Nagy and Carroll, 1994; Nulsen and Nagy,
1999; Damen et al., 2000; Dearden and Akam, 2001; Da-
men, 2002). These studies have found both similarities and
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differences with what is known in Drosophila, but the
details of the pathways at work in these other species are
still murky. For instance, recent analysis of even-skipped in
a spider found striped expression, which suggested a con-
served role for the gene in segment formation. However, it
was unclear whether or not the pair-rule aspect of the
expression pattern was conserved (Damen et al., 2000). In
addition, a study of Engrailed in a centipede found a very
atypical pattern, suggesting that the gene’s role in centi-
pedes might be very different than in other arthropods
(Whitington et al., 1991). The gene wingless is known to
have an important role in segmentation in Drosophila.
However, it was not known whether its role in segmenta-
tion is conserved in all arthropods. To gain a better under-
standing of the origins and evolution of segmentation,
clearly additional studies are needed, particularly in the
noninsect arthropods.
Since recent phylogenetic work places the myriapods
(millipedes and centipedes) outside of the crustacean–insect
clade, their phylogenetic position as well as their remark-
able body plan make them particularly interesting in this
context (Giribet et al., 2001; Hwang et al., 2001; Cook et al.,
2001; Boore et al., 1998; Regier and Shultz, 1997; Friedrich
and Tautz, 1995). Perhaps more than any other group, the
myriapods illustrate the utility of a simple repetition of
segmental units. For example, one group of centipedes, the
Geophilomorphs, ranges from 27 up to 191 leg-bearing
segments (Minelli and Bortoletto, 1988; Minelli, 2000). Yet
despite the apparent flexibility of segmentation in the
centipedes, it seems to be governed by strange rules. For
instance, all adult centipedes have an odd number of
leg-bearing segments. If the poison fangs are included as
modified legs, however, then the number of trunk segments
is always even. The inflexibility of this “pair-rule” suggests
an underlying developmental constraint, perhaps related to
the activity of homologs of the pair-rule genes known from
Drosophila (Arthur, 1999; Minelli and Bortoletto, 1988).
The Lithobiid centipedes, like the one studied here, are
more reserved than the Geophilomorphs, producing an
invariant 15 leg-bearing segments in the adult. The initial
process of embryonic development (Fig. 1) produces a hatch-
ling with a pair of poison fangs plus 8 leg-bearing trunk
FIG. 1. The centipede extended-germband embryo is illustrated by a schematic diagram (A), a scanning electron micrograph (B), and a
DAPI-stained embryo (C). Head segments are labeled in blue lettering: ocular (Oc), antennal (Ant), intercalary (Int), mandibular (Mn),
maxillary I (Mx1), and maxillary II (Mx2). The labrum (Lm) probably represents the highly modified, fused appendages of the intercalary
segment (see Haas et al., 2001a,b). The segment that will give rise to the poison fangs, or maxillipeds, is labeled in purple, as it is a trunk
segment that has been co-opted into the head (Mxpd). The leg-bearing trunk segments are labeled in red (L1–L7). (The final L8 segment
develops later in embryogenesis than is illustrated here.) The telson is labeled in green (Te). The stomadeum lies just behind the labrum
(asterisk); the proctodeum lies to the posterior of the germband (dagger).
48 Hughes and Kaufman
© 2002 Elsevier Science (USA). All rights reserved.
FIG. 2. Anamorphic (postembryonic) development in the centipede. These SEMs illustrate the stages of juvenile development in L.
atkinsoni. A cartoon diagram illustrates the body plan of each stage, with new segments in red, and the presumptive region of the growth
zone in blue. We refer to stages as, for example, “10 2”, meaning the animal bears 10 pairs of full-size legs, plus 2 pairs of mini-legs which
will become full-length at the next molt. In the 7  1M stage, the animal has 7 pairs of full-length legs, plus a pair of legs which are
medium-length but not yet full-length. There are additional molts at the end of this series, as the animal grows larger but does not add more
segments. The final segment count includes 1 pair of poison fangs plus 15 pairs of legs. All full-length and close-up micrographs reference
the 500-m and 100-m scale bars in the 12  3 panel, respectively.
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segments. The centipede arrives at the final count of 15
segments after a few weeks of anamorphic development, in
which they add several legs at each molt (see Fig. 2).
In the interest of exploring the process of myriapod
segmentation, we analyzed the expression of homologs of
Drosophila segmentation genes in a Lithobiid centipede,
Lithobius atkinsoni. Establishing the expression patterns
allows us to infer the likely roles of these genes in the
process of segmentation. Portions of orthologs of even-
skipped, engrailed, and wingless were cloned from Litho-
bius and used to make probes for in situ hybridization. The
staining results described below provide insight into the
evolution of the expression domains of these genes, as well
as the process of centipede segmental development.
MATERIALS AND METHODS
Centipede Husbandry
Wild-caught centipedes from North Carolina were supplied
through Carolina Biological Supply. They were identified as L.
atkinsoni, thanks to help from Gerald Summers. Adult animals
were housed in plastic tubs with layers of pine bark wood chips
over a poured plaster-of-paris floor, with vented lids to maintain
moderate humidity. Tubs were sprayed with water every few days,
and crickets or mealworms were provided every few weeks. In-
traspecific predation is minimal unless the animals are crowded or
starved.
Eggs were collected periodically by rinsing out the wood chips
and tubs with water and catching the eggs in a sieve (mesh no. 60).
Eggs are laid year-round, and are deposited individually in damp
crevices. The mother often coats each egg in a sphere of detritus;
however, this is easily recognized and removed without damaging
the egg. The clear eggshells allow the embryos to be staged by
simple observation through a dissecting microscope. Embryos were
maintained until the desired stage in watchglasses with moistened,
shredded coconut fiber, which is sold through pet shops as a
substrate for reptiles, “Bed-a-Beast.”
Cloning
RNA was prepared from collections of mixed-stage embryos by
using Trizol reagent, following manufacturer’s instructions. Total
RNA was poly(A)-selected with the Qiagen Oligotex kit. The
Boehringer Mannheim 5/3 RACE Kit was used to produce cDNA,
and PCR was performed by using the Advantage2 PCR System
(Clontech).
Sets of degenerate primers were used to amplify portions of the
three genes to be analyzed. The primers were designed based on the
sequences of orthologs from other arthropod species. For engrailed
and wingless, these initial clones were of sufficient size for making
in situ probes. For even-skipped, the small clone initially recovered
was used to design exact primers, which were in turn used in
conjunction with a downstream degenerate primer. In each case, a
variety of temperatures were tested to optimize amplification. A
short set of five initial ramp cycles (with a gradually increasing
temperature between the annealing and extension steps), or alter-
natively, a set of five initial “touchdown” cycles (with an extension
temperature 5–10°C higher than the main cycles) were each found
to improve amplification. Primer sequences are available on re-
quest. The cloned Lithobius gene sequences are available on
Genbank with the following Accession Nos.: even-skipped,
AF434999; engrailed, AF434998; and wingless, AF435006. Se-
quences of orthologs from other species used for alignments were
retrieved from Genbank. Accession Nos. are as follows: Tribolium
eve, U77974; Schistocerca eve, Z11845; Cupiennius eve, AJ252155;
Schistocerca en, M29262; Thermobia en-r1, AF104006; Thermobia
en-r2, AF104007; Porcellio en1, AF254262; Porcellio en2,
AF254263; Artemia en, X70939; Strigamia en, AY055597; Cupien-
nius en1, AJ007437; Cupiennius en2, AJ315944; Gryllus wg,
BAB19660; Thermobia wg, AF214035; Triops Wnt-1, AF082219;
Cupiennius wg, AJ315945; Cupiennius Wnt5, AJ315946. Se-
quences were aligned by using the Clustal function of MacVector
software.
Embryo Preparation
The extended germband-stage embryo can be seen through the
eggshell at about 1 week after egg deposition, at room temperature.
Embryos were fixed for 30–60 min in 4% paraformaldehyde in
PBT. The fixative permeates the embryo through the eggshell.
After fixation, embryos were dissected from the eggshell and stored
in ethanol at 20°C.
In Situ Hybridization
In situ probes were prepared by using the Ambion MEGAscript
kit, with digoxigenin-UTP or biotin-UTP, and were digested very
briefly in carbonate buffer, then precipitated, resuspended, and
quantified. The optimal concentration of probe was established
empirically, by testing concentrations between 0.01 and 1.0 g/ml.
The centipede in situ hybridization protocol was developed
based on multiple protocols, especially following O’Neill and Bier
(1994), with some critical added modifications. To make the fixed
embryos permeable, it was necessary to start with a 50:50 heptane/
ethanol soak for 20 min, followed by a 1-h soak in RIPA detergent
mix [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate (DOC),
0.1% SDS, 1 mM EDTA, 50 mM Tris–HCl, pH 8.0]. These were
followed by proteinase digestion of 7.5 min, a postfixation for 20
min, and then hybridization for up to 48 h at 56°C. After the probe
was removed, a long soak of 24–36 h in hybridization buffer at 60°C
helped to reduce background. Short washes in a lower-salt buffer
(2 SSC, 50% formamide, 0.1% Tween) also helped to reduce
background. Anti-digoxigenin and anti-biotin antibodies conju-
gated to alkaline phosphatase were used (Roche), with overnight
incubations at 4°C. The purplish-blue stain is the result of an NBT
 BCIP color reaction, while the red stain is the result of Fast Red
 NABP. Interested readers are encouraged to contact the authors
for a full, detailed in situ protocol.
Microscopy and Images
Developmental stages of the centipede embryos were recorded
by using scanning electron microscopy (Jeol). Results of in situ
hybridization were analyzed and photographed through a dissect-
ing microscope (Nikon), using a blue filter (Tiffen 80A) to correct
the color balance of the halogen illumination. DAPI-stained em-
bryos and close-up images of in situ stained embryos were photo-
graphed on a transmission microscope (Zeiss). Images were pre-
pared by using Adobe Photoshop and Illustrator, with some minor
image adjustments.
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RESULTS
Embryology
The extended-germband embryo of L. atkinsoni is illus-
trated in Fig. 1. The scanning electron micrograph shows
the outer form of the embryo, while the DAPI staining
reveals the nuclei. The identity of each segment is labeled
in the diagram. The embryo at this stage lies along the
surface of the yolk, just under the chorion, with the ventral
side outwards in a crescent-shape. Soon after this stage, the
embryo contracts and folds in half ventrally, to form a
“C”-shape, while the dorsal membrane expands to enclose
the entire yolk mass. Following this ventral flexure, the
appendages elongate and differentiate, and several weeks
later the hatchling emerges as a tiny centipede.
The observed development of this species of Lithobius is
consistent with that previously described for a similar
species (Hertzel, 1984). Lithobius embryogenesis in general
FIG. 3. Sequence alignments of arthropod orthologs of even-skipped, engrailed, and wingless. Arrows highlight the centipede sequences
(Lithobius). Drosophila eve and wingless sequences were excluded due to large, apomorphic insertions. Portions of the homeodomain
within the even-skipped and engrailed clones are marked above the sequences. The primers used for Lithobius are marked with boxes,
indicating that that portion of the sequence is somewhat uncertain. The sequence corresponding to the in situ probe is marked with a bar.
An intron or possible alternative exon of Lithobius engrailed is marked with a dashed line. All sequences except those of Lithobius were
acquired from Genbank; for Accession Nos., see Materials and Methods.
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is also similar to that of other centipede families. However,
the embryo is not split along the ventral midline, as in the
Scolopendra, since even in early stages of embryogenesis, a
thin layer of cells connects the left and right halves of the
germband.
Anamorphic Development
The hatchling continues to add leg-bearing segments at
each molt for the first few weeks of life (Fig. 2). The
hatchling bears a set of poison fangs, 7 pairs of full-length
legs, plus 1 pair of miniature legs (7  1; Fig. 2A). This last
pair of legs grows somewhat larger in the next molt (7 
1M; Fig. 2B), and then becomes full-length with an addi-
tional 2 small pairs (8  2; Fig. 2C). Two more leg pairs are
added (10 2; Fig. 2D), followed by 3 new pairs (12 3; Fig.
2E). Finally, the 15 leg pairs are full-length (15; Fig. 2F), and
no more are added with additional molts.
Sequences of even-skipped, engrailed, and wingless
The sequences of cloned portions of the Lithobius or-
thologs of even-skipped (eve), engrailed, and wingless are
illustrated in Fig. 3. They have been aligned with the
FIG. 4. The expression pattern of even-skipped. (A–E) A developmental series of centipede embryos, stained by in situ hybridization with
an even-skipped probe. The most recent segment in each embryo is labeled (i.e., “L4”). (A) A young embryo has just segregated the fourth
leg segment (L4) off from the growth zone. Expression of even-skipped is strong throughout the growth zone, except immediately around
the proctodeum. Stripes of even-skipped (arrows) mark the boundaries between segments, demarcating segments anterior to the growth
zone (bracket). (B) A somewhat older embryo has segregated off segment L6. Again, expression is strong in the growth zone (bracket), and
forms stripes more anteriorly between segments (arrows). (C) This embryo has formed segment L7. The expression in the growth zone has
refined into two patches, with third triangular patch just anterior to the proctodeum. As seen in a similar stage embryo in (D), the stripe
of expression between each segment (arrow) becomes restricted to two small dots flanking the midline (arrowheads). An older embryo is
shown in (E), which is just delineating the final embryonic segment L8 between two stripes of even-skipped expression (arrows). A close-up
image in (F) reveals a stripe of even-skipped expressing cells (arrow) as they separate from the growth zone (bracket), becoming isolated by
ventral progression of bands of non-even-skipped-expressing cells. The embryos in (G) and (H–J) had not been dissected away from the
spherical, yolky eggs. In (G), one can see how the stripes of even-skipped wrap around the telson (arrow), and how the edges of the third
stripe have separated away from the telson around the posterior of the embryo (arrowhead). The embryo in (H–J) is the same one as in (A).
In (H–J), the embryo is gradually rotated away from the viewer, illustrating how two stripes of even-skipped form rings around the posterior
of the embryo. In (H), the growth zone around the telson is visible. In (I), the egg has been rotated, with the telson just visible at the top
(Te). One stripe of even-skipped is visible around the egg (arrowhead). In (J), the egg has been rotated further, so that the telson is just barely
visible at the top, the front of the head is at the bottom (acron, Ac), and two stripes of even-skipped expression are visible (arrowheads). The
apparent staining at the bottom is not in the embryo itself (see the dissected embryo in A).
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corresponding orthologs from several other arthropods for
comparison. Drosophila sequences of eve and wingless have
not been included because these genes contain large inser-
tions that are not conserved in the other arthropods. The
positions of the homeodomains of eve and engrailed are
indicated above the sequences. Regions corresponding to
the primers used and the portions used to make in situ
probes are indicated.
The sequence of Lithobius eve is very well conserved in
the homeobox region and through the rest of the clone,
which extends nearly to the carboxy terminus (based on
complete cDNAs of the other species). There are two
FIG. 5. The expression pattern of engrailed. (A–C) A developmental series of centipede embryos, stained by in situ hybridization with an
engrailed probe. The most recent segment delineated by engrailed expression is labeled in each embryo (note however that this is not
necessarily the last segment formed; see text). In a very young embryo (A), engrailed stripes mark the posterior of segments up to the Mxpd
(medium arrow), with a very faint stripe visible posterior to the L1 segment (thin arrow). In (B), engrailed stripes mark the posterior of
segments up to L6, and in (C), stripes mark the posterior of segments up to L7. In (C), it is easy to distinguish the six segments of the head
(bracket), as marked by engrailed stripes: ocular (Oc), antennal (Ant), intercalary (Int), mandibular (Mn), maxillary I (Mx1), and maxillary
II (Mx2). The close-up image in (D) illustrates the transition of expression from a solid stripe in younger segments (solid arrow) to a stripe
plus a separate patch of expression within the limbbud of older segments (hollow arrow and arrowhead). (E–G) A developmental series of
double-stained embryos, stained by the engrailed probe (red) and the even-skipped probe (blue). By comparing the expression of the two
genes, the temporal order of expression can be deduced. (E, F) The even-skipped stripes (blue arrows) delineate segments that do not yet
express engrailed. The engrailed stripe (red arrow) first comes on in these embryos when the segment is two segments away from the
growth zone (blue brackets). The embryo in (G) is expressing engrailed in the L7 segment; however, the L8 segment is beginning to become
demarcated by even-skipped, and lacks engrailed (arrow). The close-up image in (H) shows that engrailed is expressed in the posterior of
each segment (red arrows), immediately anterior to the even-skipped stripes which border new segments (blue arrows). Although the in situ
hybridization technique does not reveal precise expression boundaries, we think there is minimal, if any, overlap between expression of
even-skipped and engrailed. The newest engrailed stripe in (H) is thinner than the older, more anterior ones. This is typical, as in (A).
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insertions in Lithobius eve relative to those of the other
species.
Although engrailed is known to be prone to duplication
in many arthropod lineages (Peterson et al., 1998; Bas-
tianello and Minelli, 2001), only one engrailed homolog
was recovered from our centipede. However, two types of
clones were isolated: some included and some excluded a
short intervening sequence lacking stop codons (indicated
by the hatched line in Fig. 3). Whether this sequence is used
as an alternative exon or simply represents incompletely
processed mRNA is unclear. However, it is interesting that
it has similarity to sequence of one of the engrailed paralogs
of the spider Cupiennius salei (Damen, 2002; see Fig. 3),
suggesting that it is a functional variant. It is possible that
the functions of each of the two spider engrailed genes are
carried out by splice variants of the single centipede gene.
The wingless homolog cloned from Lithobius is most
closely related to the wingless gene of Drosophila, and the
Wnt-1 gene of Triops. In this region, the wingless homologs
are well conserved in the arthropods listed.
Expression Pattern of even-skipped
In early embryos, the expression of eve is strongest in the
growth zone, with several stripes anterior to the zone, on
the borders of new segments (Figs. 4A and 4B). Older
embryos show a more restricted expression, with growth
zone expression in two chevron-shaped patches and a small
triangular patch anterior to the proctodeum (Figs. 4C and
4D). Just anterior to the growth zone, eve is expressed in
stripes between the segments, which refine into pairs of
dots flanking the midline in more anterior segments (Fig.
4D). These may correspond to the eve-expressing neurons
previously identified in insects and crustaceans (Duman-
Scheel and Patel, 1999); however, the resolution of the in
situ hybridization technique is inferior to antibody staining
for the purpose of drawing cellular homologies. In the oldest
embryo shown, an unstained band between two patches of
eve expression in the growth zone indicates that the final
embryonic leg-bearing segment (T8) is in the process of
being formed (Fig. 4E).
The stripes of eve-expressing cells separate gradually
from the growth zone, as seen in Fig. 3F, rather than
reinitiating eve expression after leaving the growth zone.
Each band of cells lacking eve expression appears to sepa-
rate from the growth zone in the same way. In other words,
there is no apparent difference between the emergence of
adjacent metameric primordia, and no sign of a “pair-rule”
pattern of expression of even-skipped (see Discussion). The
eve stripes seem to correspond precisely to the boundaries
between segments, rather than being within the segment
itself.
As the segments age, the stripes of even-skipped fade in
intensity so that they are only seen between the few
posterior-most segments and are absent from the anterior of
the embryo (Fig. 4B). This fading is more extreme in older
embryos (compare Fig. 4C with Fig. 4A). Because we were
not able to prepare extremely young embryos, we could not
determine whether the more anterior segments of the head
ever express even-skipped.
Interestingly, the eve stripes wrap around the posterior of
the embryo, to form concentric rings in the extraembryonic
membrane (Figs. 4G–4J). There is a single layer of cells in
the membrane surrounding the egg, as can be seen by DAPI
staining (not shown). However, these cells are not part of
the embryo proper. Thus, it is difficult to infer a possible
function for eve in these cells.
Expression Pattern of engrailed
It was necessary to use the in situ hybridization tech-
nique to study centipede engrailed, since the pan-specific
anti-Engrailed antibodies usually used for this purpose, 4D9
and 4F11, were ineffective (data not shown). For the 4D9
antibody, our sequence analysis of the Lithobius homolog
shows that this is likely due to a change in the epitope in
the centipede gene (ELKLNESQIKI instead of ELGLNEA-
QIKI; Patel et al., 1989a). A similar sequence difference may
account for a description of Engrailed expression in another
centipede which is inconsistent with that described here
(Whitington et al., 1991).
In situ staining of engrailed showed the expression pat-
tern in the centipede to be composed of a series of stripes at
the posterior of each segment, similar to that of other
arthropods (Figs. 5A–5C). These stripes appear sequentially
in the centipede, first in anterior segments and later in
posterior segments, reflecting the short-germband mode of
development. In younger, more posterior segments, the
stripe is initially faint and thin but soon broadens (whether
by cell division or recruitment could not be determined; see
arrows in Fig. 5A). Later, as seen in more anterior segments,
patches develop in the thicker tissue of the limbbuds and
become separate domains of expression which lie more
centrally in the limbbuds than the underlying stripes in the
segment proper (Fig. 5D). Stripes of engrailed in the
extended-germband embryo are about 3–4 cells wide, with
about 10–12 cells between stripes.
In addition to in situ hybridization of engrailed alone,
double staining was performed by using an engrailed (red)
probe in conjunction with eve (blue) to give some indication
of the temporal expression relative to the emergence of the
segment from the posterior growth zone. By comparing the
most posterior expression of engrailed with the expression
of eve, we can compare the timing of initiation of engrailed
expression relative to the age of the segment as an individu-
ated unit of cells. The double staining indicates that en-
grailed is initiated some time after the even-skipped stripes
have demarcated a new segment (Figs. 5E–5H). Unfortu-
nately, the in situ hybridization plus color reaction tech-
nique do not provide sharp expression boundaries. How-
ever, this double staining shows that eve-expressing and
en-expressing cells are adjacent and suggests that they have
minimal, if any, overlap (e.g., Figs. 5G and 5H).
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Expression Pattern of wingless
In situ hybridization reveals that, with the exception of
the ocular segment, wingless is expressed just anterior to
each engrailed stripe (Fig. 6). In the ocular segment, there
are three spots of wingless expression rather than a stripe.
(Fig. 6C). These spots of wingless expression are probably
associated with eye development (see Friedrich and Benzer,
2000). In the other segments, expression of wingless forms
a stripe in about the middle of each segment. The stripes of
wingless expression are noticeably thinner than those of
engrailed, being about two to three cells wide (Fig. 6D).
Expression is stronger on the lateral edges of each segment
and relatively weak ventrally. There is also expression of
wingless in the labrum: as a stripe in early embryos (Fig. 6A)
and two small patches in older embryos (Fig. 6C).
Stripes of wingless expression are always seen in conjunc-
tion with an adjacent engrailed stripe, and never more
posteriorly. Therefore, the timing of expression of the two
genes is approximately synchronous, beginning some time
after the segment is demarcated from the growth zone.
DISCUSSION
A Spatiotemporal Series of Gene Expression
The anterior–posterior axis of a centipede embryo is
composed of a series of similar segments, which are each at
different stages in segmental development. Unlike the
Drosophila embryo, in the centipede, the spatial series
along the embryo is also a temporal series. This is illus-
trated in Fig. 7. A given segment appears to move up the
embryo, simply because additional segments grow behind
it, separating it further and further from the telson. During
the morphogenesis of a segment, the component cells will
experience the sequential expression of different comple-
ments of genes. In the work presented here, we saw that the
initial expression of even-skipped, while cells are in the
growth zone, is followed by expression of engrailed and
wingless after segments are demarcated. In addition, each
segment also experiences the expression of a particular
combination of Hox genes (Hughes and Kaufman, 2002).
Thus, we can summarize the likely developmental cascade
as follows: (1) the patterned expression of gene(s) like
even-skipped act in the initial formation of a segment; (2)
the expression of segment polarity genes like engrailed and
wingless subdivide the newly formed segment; and (3)
expression of one or more Hox genes imparts a particular
identity upon the segment.
A Conserved Role for even-skipped in Different
Contexts
The gene even-skipped is most familiar from work in
Drosophila, where it has been studied for its role as a
“pair-rule” gene, one of a group of genes which act early in
embryogenesis to initiate segment formation. The domains
of expression of pair-rule genes are established by positional
information previously laid down by the more broadly
expressed gap genes (Pankratz and Ja¨ckle, 1993). In Dro-
sophila, the even-skipped gene is first expressed in the
syncytial blastoderm, in a pair-rule pattern of stripes within
odd-numbered parasegments. Later, 7 additional stripes
appear, intercalated between the original ones, to produce a
pattern of 14 stripes, plus a patch around the proctodeum
(Frasch et al., 1987). Finally, in late development, the
pattern of even-skipped expression is restricted to a small
number of cells in each segment, which represents its role
in certain cells of the developing nervous system (Doe et al.,
1988).
In the centipede embryo described here, however, the
homologous gene is expressed in a markedly different
pattern. Expression is very strong in the posterior of the
embryo, with stripes between newly emerged segments,
which later fade and refine to spots of neuronal expression
(Fig. 4). In fact, the centipede’s pattern of even-skipped
expression is much more representative of the arthropods as
a whole than is Drosophila’s. The expression of even-
skipped has been analyzed in several other short-germband
arthropods: the beetles Callosobruchus, Dermestes, and
Tribolium, the grasshopper Schistocerca, and the spider
Cupiennius (Patel et al., 1992, 1994; Brown et al., 1997;
Damen et al., 2000). In addition, the expression of even-
skipped has been analyzed in long-germband arthropods
besides Drosophila: the bee Apis, the mothmidge Clogmia,
and a parasitic wasp (Binner and Sander, 1997; Rohr et al.,
1999; Grbi’c et al., 1996). While details of eve’s expression
vary in all these species, in general. the expression pattern
in the long-germband arthropods is similar to that in
Drosophila (stripes in a pair-rule pattern along the entire
germband). In contrast, the short-germband arthropods
share strong expression in the growth zone, with pair-rule
stripes appearing in newly formed segments. (Schistocerca
is an exception, however, and lacks stripes anterior to the
growth zone.) The stripes of eve-expression in the spider are
transient and fade quickly, like those of the centipede
described here. One notable difference between some of the
short-germband arthropods is that the beetles show a modi-
fied version of the “pair-rule” pattern of Drosophila eve
(Patel et al., 1994), while the centipede does not. This has
relevance to theories of centipede segment numbers (see
below).
Interestingly, the role of even-skipped in the extreme
posterior of the embryo seems to be conserved across most
of the animal kingdom. Chordate even-skipped homologs,
for example, are expressed in the tailbud and involved in
posterior patterning (Gofflot et al., 1997; Beck and Slack,
1999; Ferrier et al., 2001). Thus, we see that our understand-
ing of even-skipped in Drosophila can be misleading about
the role of the gene in other species, much like fushi tarazu
and the Drosophila homologs of Hox3 (Telford and
Thomas, 1998; Damen and Tautz, 1998; Telford, 2000;
Hughes and Kaufman, 2002). Although the expression pat-
tern of eve in the centipede and other arthropods may seem
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to suggest a totally different function from that in Drosoph-
ila, in fact, this expression pattern is consistent with a
conserved role in the process of segment formation. Just as
eve and other pair-rule genes act in Drosophila to demar-
cate the first segmental units from a more broadly patterned
germband, eve may be likewise acting in other arthropods
to establish the initial boundaries of the segmental unit.
However, in a short-germband arthropod, these segments
initiate sequentially rather than simultaneously.
Are Parasegments Always Primary?
In the centipede, the stripes of even-skipped anterior to
the growth zone seem to separate new segment primordia
one-by-one as they appear out of the growth zone region.
Moreover, the furrows delineating these morphological
segments are visible soon after the segments’ separation
from the growth zone, coinciding with the stripes of eve
expression. Finally, the limbbuds appearing on each new
segment bear an obvious direct relationship to adult legs.
Thus, there is a direct connection between the set of cells
between two eve stripes and a final morphological segment.
At first glance, the emergence of segments from the
posterior growth zone in the centipede seems like a text-
book example of a short-germband posterior proliferation
zone. However, the process of centipede segment formation
described here is actually surprising, because it does appear
to proceed by the formation of segments. In Drosophila, the
initial and primary units of subdivision of the blastoderm
embryo have been shown to be parasegments rather than
segments (see Lawrence 1988 for review). The term “seg-
ments” is reserved for those morphological units of the
embryo corresponding to what are perceived as segments in
the larva and adult, by virtue of tergites, sternites, etc.
Parasegments are units of the embryo which are the same
width as segments, but are shifted in phase, so that each
parasegment corresponds to the posterior of one segment
and the anterior of the next.
Various studies have shown that the initial metameriza-
tion of the Drosophila embryo proceeds by formation of
these parasegmental units, and that only later is a segmen-
tal pattern overlaid. According to Lawrence (1988), the
criteria for describing parasegments as the primary units of
development are threefold: (1) parasegments are the first
units demarcated by furrows in the early Drosophila em-
bryo; (2) clonal analysis reveals that compartments of
mixing cells are parasegmental; and (3) the anterior borders
of expression of many Hox genes are parasegmental (al-
FIG. 6. The expression pattern of wingless and engrailed. (A–D) Double-stained embryos, stained with wingless probe (blue) and the
engrailed probe (red). (A) A young embryo, with segment L4 marked by a pair of wingless and engrailed stripes in the posterior (blue and
red arrows). Expression of wingless in the labrum forms a thin stripe (arrow). The embryo in (B) shows segment L7 marked by wingless and
engrailed stripes. Each stripe of engrailed is matched by a stripe of wingless immediately anterior to it, within each segment. An exception,
however, is the ocular segment (C), which is marked by a triangle of three dots of wingless expression (arrows). The labrum expression of
wingless is now in the form of two spots (arrowheads). As shown in (D), the wingless stripes are thinner than the engrailed stripes.
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though not always, cf. Diederich et al., 1991). Moreover,
evidence for parasegmentation has been found in a crusta-
cean and a spider, both short-germband arthropods (Scholtz
and Dohle, 1996; Dohle and Scholtz, 1988; Damen, 2002).
In the case of the centipede described here, the initial
units of subdivision of new tissue in the embryo bear a
direct relationship with final morphological segments. This
is apparent because eve expression and the intersegmental
furrows delineate segment-sized bands immediately after
emergence from the growth zone. Moreover, each of these
bands grows a limbbud equidistant from each furrow. Thus,
by the first criterion noted above, the centipede appears to
form segments rather than parasegments as the metameres
are formed.
However, analysis of Hox gene expression in the centi-
pede provides evidence of a parasegmental pattern. In the
case of Ultrabithorax, for example, the striking “paraseg-
mental shift” of the anterior expression boundary in the
posterior of L1 is similar to that of Drosophila (Hughes and
Kaufman, 2002). This, and the expression patterns of en-
grailed and wingless, suggests that there is a parasegmental
pattern conserved in the centipede. However, the Hox
genes, and even engrailed and wingless are expressed fairly
late after initial emergence of each segment (compare
even-skipped and engrailed staining in Fig. 5). Thus, al-
though a parasegmental pattern clearly exists in the centi-
pede, the question remains: Is parasegmentation the pri-
mary process of metamerization of the centipede embryo?
The final criterion for recognizing units of metamery is
the existence of parasegmental compartments, as recog-
nized by clonal or cell lineage analysis. Unfortunately,
these techniques have not yet been developed for Lithobius,
and may be difficult as the cells are too numerous to follow
the cell lineage visually, and the eggs are not easy to inject
(C.L.H., unpublished observation). This analysis would be
critical to this question, since Dohle and Scholtz showed
that cryptic parasegmental compartments might underlie
seemingly segmental units, with the compartments of
related cells spanning intersegmental furrows, and paraseg-
mental boundaries even dividing limbbuds (Scholtz and
Dohle, 1996; Dohle and Scholtz, 1988).
Nevertheless, the results described here for the centipede
suggest that the process of segmentation produces two
overlapping patterns. Depending on its upstream regula-
tion, a given gene may appear to be following either a
parasegmental or segmental prepattern, or sometimes both.
Such overlapping sets of “segments” may be a simple
mechanism for elaborate subdivision of the embryo, provid-
ing additional combinatorial codes for control of down-
stream genes. However, which of these patterns is truly the
“primary” mechanism of metamerism in the basal arthro-
pods still remains to be determined.
The Expression of engrailed Is Conserved
In Drosophila, the engrailed gene is expressed in stripes
along the posterior of each segment (DiNardo et al., 1985;
Karr et al., 1989), and has important roles in segmentation,
FIG. 7. Temporal changes in gene expression during development of a centipede segment. These diagrams illustrate the stages of gene
expression in segmental development, focusing on the first leg (L1) segment. While in the growth zone, the undetermined cells express
even-skipped. With further proliferation, a band of cells stops expressing even-skipped, and they become segregated into a segment,
bordered by the expression of even-skipped. Later, as the embryo develops, the AP polarity of the segment is established with the expression
of genes like engrailed and wingless. As new segments are added, the growth zone is pushed further away from the L1 segment, the segment
takes on a unique identity via Hox gene expression, and finally differentiates.
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appendage development, and neurogenesis. Thanks largely
to broadly cross-reactive antibodies (Patel et al., 1989a,b),
the expression of Engrailed has been analyzed in numerous
arthropods and other organisms (reviewed in Joyner and
Hanks, 1991). Engrailed has a highly conserved pattern of
expression within the arthropods, in stripes at the posterior
of each segment (e.g., Patel et al., 1989b; Damen et al.,
1998). However, a previous study using antibodies had
described a very unusual pattern of expression in the
limbbuds (Whitington et al., 1991). Our in situ hybridiza-
tion analysis in the centipede finds no evidence of this
unusual pattern. Rather, we find a more typical striped
accumulation of engrailed in segments and limbbuds. We
did not see neuronal expression, but we were unable to
extend the in situ technique to older embryos as they
accumulate large amounts of background under the devel-
oping cuticle. The high conservation of the expression of
engrailed in the posterior of segments, in the centipede, and
across the arthropods, probably reflects the importance of a
conserved role for engrailed in establishing segment polar-
ity. A similar pattern of engrailed stripes at the posterior of
each segment has recently been found in another centipede
species with many more segments than Lithobius (Chris
Kettle and Wallace Arthur, cited in Arthur, 2002). More-
over, this centipede produces all of its segments during
embryonic development, rather than adding segments after
hatching. Thus, engrailed seems to play similar develop-
mental roles in centipedes with different temporal modes of
segment-formation, and this appears to be similar to the
role of engrailed in other arthropods.
Adjacent Expression of engrailed and wingless Is
Conserved
The Drosophila embryo has stripes of wingless immedi-
ately anterior to each engrailed stripe (Baker, 1987;
Martinez-Arias, 1993). A mutual-activation interaction be-
tween engrailed and wingless sets up the parasegmental
boundary, and is important in appendage development as
well (Cohen, 1993). Studies in a moth, beetle, and grasshop-
per have found conserved patterns of wingless expression
similar to that in Drosophila (Kraft and Ja¨ckle, 1994; Nagy
and Carroll, 1994; Jockusch et al., 2000). In the crustacean
Triops, wingless expression has interesting differences with
Drosophila in limbs, but in segments the striped pattern is
conserved (Nulsen and Nagy, 1999).
The staining results described here suggest that both the
expression of wingless and its relationship with engrailed
are largely conserved across the mandibulate arthropods
(insects, crustaceans, and myriapods). A functional study
has already shown that the activation of engrailed by
wingless is conserved in Tribolium (Oppenheimer et al.,
1999). However, a recent study in Schistocerca found that
expression of wingless initiated much earlier than the
corresponding engrailed expression (Dearden and Akam,
2001). In the spider, the wingless/engrailed relationship
also seems to be conserved; moreover, another component
of the pathway, cubitus interruptus, seems to be conserved
as well (Damen, 2002).
Stripes of engrailed and the Centipede Head
The arthropod head has long been a source of fascination
and debate, particularly regarding the homologies between
the head segments of different classes. With their charac-
teristic fusion together into the head, the segment bound-
aries are sometimes impossible to determine in the adult
form. The expression of engrailed, however, has been used
as a segment marker to define the location of head segments
in the embryos of different species (Fleig, 1994; Rogers and
Kaufman, 1997; Schmidt-Ott et al., 1994; Scholtz, 1995).
Based on the expression of Lithobius engrailed, there are
clearly six head segments plus the maxillipeds: engrailed
stripes mark the posterior of the ocular, antennal, interca-
lary, mandibular, maxillary I, and maxillary II segments,
followed by the maxilliped segment that bears the poison
fangs. With the number of head segments thus defined,
there is further support for the traditional homologies
between the centipede mandibles, maxillae I and maxillae II
with the mandibles, maxillae and labium/maxillae II of
insects and crustaceans, respectively.
The Segment Counting Mechanism Is Still
Mysterious
Despite hopes of a “pair-rule” that could explain the
mysterious rules of segment number in centipedes (Sander,
1988; Arthur, 1999; Minelli, 2000), there is no indication
from centipede even-skipped expression that the segments
develop in pairs. On the contrary, embryos at various stages
represent the presence of new segments, appearing one-by-
one in what is apparently a simply sequential manner.
Thus, perhaps despite expectations, the Lithobius growth
zone is acting as a well-behaved, canonical short-germband
posterior proliferation zone. Any mechanism the cells are
using to “count” segments is not apparent from the expres-
sion of eve or the appearance of new segments. However,
the pair-rule pattern of expression of even-skipped in Tri-
bolium suggests that there may be two separate mecha-
nisms for repressing eve and thus generating segmental
primordia (Patel et al., 1994). In Tribolium, the primary
stripes initially formed span two segments each, and later
each stripe splits to form separate secondary stripes for each
segment. Thus stripes of even-skipped in alternate seg-
ments seem to be demarcated by either an “initiating”
mechanism or a “splitting” mechanism. If the timing of
these two mechanisms was more synchronized, a
centipede-like pattern might emerge, which would mask
the underlying differences generating subsequent segments.
In other words, although each subsequent segment appears
to emerge from the growth zone in the same way (as
recognized by suppression of even-skipped expression in a
band of cells), it is possible that the formation of alternating
segments might be controlled by two separate upstream
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mechanisms which cannot be seen here. With regard to this
question of control of even-skipped, a study of the centi-
pede homologs of gap genes could prove to be illuminating.
We do not see evidence for any preformed segments in
late centipede embryos, which would correspond to the
seven leg-bearing segments that arise after hatching. If the
tissue of the growth zone was in any way preallocated into
segments, one might expect to see very fine stripes of
even-skipped and perhaps engrailed and wingless marking
these predetermined segments. No such stripes are appar-
ent. Thus, we suggest that the growth zone must be still
active in the juvenile centipede, to produce more segments
during the first few weeks after hatching. In essence, the
anamorphic centipedes like Lithobius may be hatching
precociously, while their growth zones continue producing
new segments that are revealed at each molt. This early
hatching may make the young centipede less vulnerable to
predation, as the eggs of these species are not guarded by the
mothers.
Comparisons with Vertebrate Somitogenesis
The strict regulation of centipede segment number im-
plies that some counting or allocation mechanism exists.
Considering the differences between long-germband and
short-germband modes of segment formation, it may be
instructive to look at mechanisms of vertebrate segmenta-
tion for comparison. It is still unclear whether short-
germband arthropods may have a clock mechanism similar
to the cycles of hairy and Notch expression seen in verte-
brates somitogenesis (reviewed in Dale and Pourquie´, 2000).
Even if it were important for short-germband arthropods,
such a mechanism would be highly modified in the Dro-
sophila long-germband embryo, and may thus have gone
unrecognized.
In the centipede, the concentric circles of even-skipped
expression in the extraembryonic membrane seem to sug-
gest traveling waves. These rings of extraembryonic expres-
sion are unlikely to have an important function in this
membrane, but they may be a revealing side effect of some
regulatory mechanism controlling expression. In the bulk
of the embryo itself, the expression is clearly periodic but
not wave-like, since the expression correlates with the
intersegmental furrows and is never seen in the middle of a
segment. Within the growth zone, however, it is difficult to
precisely describe the temporal dynamic of eve expression
by the detection technique used here. Thus, further study
will be necessary to understand the dynamics of short-
germband segmentation.
Further Explorations
There are still many unresolved aspects to the question of
how segmentation has evolved among the different groups
of arthropods, and how much of the process is held in
common. It will be particularly interesting to compare the
expression of segmentation genes in the centipede with
those in the millipede, to see whether the millipedes are
truly “diplosegmented,” as has long been suggested. Also,
there is still an insufficient understanding of the earliest
stages in the embryogenesis of short-germband arthropods,
before segmentation begins. Since there is thought to be
less maternal-loading of patterning factors in panoistic,
short-germband eggs, the initial steps of setting up the AP
axis and initiating segment formation may be radically
different from what is known in Drosophila.
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